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“El agua es la cosa más suave, 
y aun así puede penetrar 
montañas y tierra. 
Esto muestra claramente  
el principio de que  
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Abstract The aim of this study is to evaluate the hy-
drogeochemical parameters of the Palomares–Carboneras
active fault zones (SE Spain) aquifers to establish espe-
cially sensitive sampling points that could be indicators of
seismic activity in the fault zone. We consider these points
as a part of a network, for this fault area and others in the
South of Spain. With a seasonal and/or continuous sam-
pling, in the future, that may allow us to provide advices of
possible seismic events. The eastern part of the Betic
Cordillera is a Mediterranean semi-arid zone, with a spe-
cial sensitivity to climatic fluctuations and human activity.
A remarkable scarcity in water resources is evident in this
region, making it difficult to find groundwater sampling
points. Subsequently, a network has been designed with 33
water sites, selected for availability and proximity to the
active fault zones, where the physical–chemical features
and isotope contents of the groundwater have been deter-
mined. Taking into account the geological complexity, as
well as the different hydrogeological paths recognized in
the area, three geochemical families of water have been
found. (1) Water with high electrical conductivity (up to
14,000 lS/cm), temperatures above 20 C, and, in some
cases, traces of boron. (2) Water with medium electrical
conductivity (2,000–3,500 lS/cm), temperatures above
20 C, and traces of boron. (3) Water with electrical con-
ductivity below 1,000 lS/cm, temperatures below 20 C,
and absence of boron. High temperature waters with pre-
sence of boron were selected as indicators of deep water
circulation processes that can be connected to the seismic
activity of the Palomares–Carboneras active fault zones.
According to this study, a selected sensible warning aquifer
sites has been established.
Keywords Palomares–Carboneras active faults 
Groundwater  Boron  Isotopes
Introduction
Hydrological changes associated with earthquakes have
been known for longtime but during twentieth century were
discarded as being not a real scientific fact (Muir-Wood
and King 1993). Nevertheless, there are many studies
showing the relationship between hydrological changes and
seismic events (e.g. Scholz et al. 1973; Bolognesi 1997;
Wakita et al. 1988; Muir-Wood and King 1993; Yuce and
Ugurluoglu 2003; Yaltirak et al. 2005; Hartmann and Levy
2005; Inan et al. 2008; Uyeda et al. 2008; Yuce et al. 2010;
Freund 2011; Grant et al. 2011; Italiano et al. 2013).
Earthquake related hydrogeochemical signals can be
observed up to several hundred kilometres away from the
hypocenter of an earthquake (Igarashi and Wakita 1990;
Bella et al. 1998; Hartmann et al. 2005). The behaviour of
aquifer systems in regions affected by active faults is
influenced by the geological processes associated to the
earthquake nucleation and propagation of seismic move-
ments that occur in these zones (Faulkner et al. 2009).
Muir-Wood and King (1993) and Keskin (2010a) said that
when earthquakes with different magnitudes occur, dif-
ferent changes in physical and chemical characteristics and
isotopic concentrations might be observed in the water in
the area of the earthquake. These changes depend on
conditions such as the magnitude, epicentre, distance of the
P. Herna´ndez-Puentes  R. Jime´nez-Espinosa (&) 
J. Jime´nez-Milla´n
Department of Geology and CEACTierra, Associated Unit IACT
(CSIC-UGR), Faculty of Experimental Science, University of
Jae´n, Campus Las Lagunillas s/n, 23071 Jae´n, Spain
e-mail: respino@ujaen.es
123
Environ Earth Sci (2015) 73:6341–6354
DOI 10.1007/s12665-014-3856-7
spring from the earthquake, chemical and physical prop-
erties of the water, water recharge area, geology and tec-
tonics of the area, temperature–pressure variations
underground, and the fracturing, pore pressure of rocks,
etc. Movement associated to active fault zones produces
hydrological variations in the surrounding groundwater
such as decrease in groundwater level prior earthquake and
increases in groundwater level during and after the earth-
quake (Bolognesi 1997), changes in the regional thermal
transport, and variations in the aquifer behaviour. Such
hydrogeological changes in active fault zones may be
originated by: (1) alterations in permeability produced by
the opening or closing of fractures and barriers as a con-
sequence of increases in pore pressure caused by coseismic
deformation (Brumm et al. 2009; Aquilina and Dreuzy
2011); (2) liberation of water and other fluids caused by
consolidation or liquification of near-surface sediments;
and, (3) clay mineral dehydration reactions in deep areas
(Bousquet et al. 2009; Vidal and Dubacq 2009). All these
processes commonly produce mixing of water with deep
and shallow origins that modify physical–chemical
groundwater parameters, such as changes in water outlet
temperature and chemical composition (e.g. incorporation
of boron traces) (Montgomery and Manga 2003; Yuce
2007; Brumm et al. 2009; Manga and Rowland 2009;
Italiano et al. 2010). As a result of compilation of numer-
ous studies (Toutain and Baubron 1999; Hartmann and
Levy 2005; Hartmann 2006), it was determined that there
were changes in odour, colour, pressure, discharge, tem-
perature, pH, Eh, Ca2?, SO4
2?, Cl, 18O, 2H, 3H, 13C, CO2,
Rn, He, N2, and CH4 values of the water in pre-seismic
activity, coseismic activity and post-seismic activity (Ke-
skin 2010a).
The National Oceanic and Atmospheric Administration
(NOAA) Geophysical Data Centre guidelines suggest that a
temperature of 20 C at the discharge point can be con-
sidered as a transition limit between thermal waters
(T C20 C) and cold waters (T \20 C). Other authors
proposed 19 C as the limit temperature for hydrothermal
fluids (Granda et al. 1979).
Boron in groundwater is normally found in very low
concentrations, as a minor or trace element. However,
natural/anthropogenic inputs linked to seawater, brine,
geothermal fluids, agricultural effects or evaporitic envi-
ronments can raise their concentration considerably (Ellis
and Mahon 1977; Yuce 2007; Morell et al. 2008; Keskin
2010b). Arno´rsson and Andre´sdo´ttir (1995) suggested that
temperature is one of the main factors that controls boron
liberation through the water–rock interaction processes.
The main aim of this study is to analyse the influence of
the geological and tectonic processes that occur in the
Palomares–Carboneras active fault zone on its hydrogeo-
chemical features. This fault system is by far the longest
continuous fault mapped in the Betic Cordillera and
therefore, would seem to be a good candidate to generate
large-magnitude earthquakes (Gracia et al. 2006). No pre-
vious studies have been performed with respect to earth-
quake and hydrogeological precursors in the study area.
The results of this work should provide appropriated cri-
teria to design a network of warning points particularly
sensitive to the changes produced by movements associ-
ated to fault activity in this study area.
Study area
The Carboneras and Palomares faults are part of a large NE–
SW trending tectonic lineament that cuts across the south-
eastern margin of the Iberian Peninsula (Fig. 1) in SE Spain.
Active from upper-Miocene to recent times, it separates the
volcanic Cabo de Gata terrain to the SE (accumulated over
18–6 Ma BP) from the region of uplifted Alpine metamor-
phic basement blocks and post-orogenic basins (Rutter and
Faulkner 2012). The fault system, known as the Trans-Al-
bora´n Shear Zone, constitutes part of the diffuse plate
boundary between Africa and Iberia and, even today, the area
is experiencing active regional uplift. The Palomares–Car-
boneras active fault zone represents an active set of sinistral
strike-slip faults in the Betic Cordillera of south-eastern
Spain, with NNW–SSW and NE–SW orientations, respec-
tively (Booth-Rea et al. 2003; Faulkner et al. 2003).
The south-eastern Betic Cordillera is characterized by the
presence of Neogene to Quaternary sedimentary basins,
which coincide with antiformal highs where metamorphic
basement of the Alboran domain outcrops (Martı´nez-Martı´-
nez and Azan˜o´n 1997). These basins were folded and uplifted
during Upper Neogene to (Bousquet 1979). This is the case
of the Sorbas–Vera basin and Sierra Cabrera (Fig. 1).
The study area is located in the southeast of Spain and
falls between latitude 37000–37400N and longitude
1400–2000W (Fig. 1). This area has been chosen for its
significant seismic potential (Table 2), seen in several
seismic events throughout history with the strongest
reaching an intensity of VIII–IX in Vera in 1518 (Bousquet
1979; Weijermars 1987).
The materials studied mainly come from the internal
zones of the Betic Cordillera, and partly from the Neogene-
Quaternary Sedimentary Complex that surround the Palo-
mares–Carboneras fault zones. Within the Internal Zone of
the Betic Cordillera are three major complexes, which are
positioned from the point of view in its original strati-
graphic position in the stack of sheets, from bottom to top,
as follows:
Nevado-Filabride Complex: Permian to Triassic med-
ium and high-grade metamorphic rocks consist of schist,
quartzite, gneiss, limestone, gypsum and marble.
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Alpujarride Complex: this is the most extensive com-
plex in the in the Internal Zone. In the study area, meta-
morphism is moderate to high and several high pressure
and temperature units can be found. The main lithologies
are Palaeozoic phyllites, schists, quartzites, conglomerates
and sandstones, and Triassic limestones and dolostones.
Malaguide Complex: this unit is scarce and isolated and
is composed by Permian to Triassic sandstones, quartzites,
shales, and limestones.
Sedimentary rocks, such as conglomerates, marls, gyp-
sum, sandstones and calcarenites, locally intruded by volca-
nic rocks, comprise the Neogene-Quaternary Sedimentary
Complex of the basins. The most recent deposits, Pliocene-
Quaternary, are conglomerates and sandstones with interca-
lations of silts and clays (IGME et al. 1973a, b; Barraga´n
1997).
The variety of materials present in the area may affect
the diversity of processes that could influence nearby
Fig. 1 Geological setting of the study area (after Booth-Rea et al. 2003) and sampling locations. Sample identification numbers refer to Table 1.
PFZ Palomares fault zone. CFZ Carboneras fault zone
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water and its different characteristics and hydrochemical
facies.
Sampling and analytical procedures
In order to analyse the composition of groundwater in fault
zones within the study area, samples were taken between
May and November 2012 from 33 sampling points
including wells and springs. Majority components and
boron were analysed in these samples, as well as stable
isotopes (18O and D) and radioactive isotopes (3H) in a
selection of sites. The physico-chemical parameters deter-
mined with a Hanna Instruments multiparameter water
quality sensor (HI 9828) in situ were: Electrical conduc-
tivity for a standard temperature of 25 C (E.C (lS/cm)),
with the sensitivity of this device in ±1 lS/cm), total
dissolved solids (TDS (ppm), ±1 mg/l), pH (±0,02 pH),
temperature (T) (oC, ±0,15 C). The alkalinity was also
measured through volumetric determination.
At each site, water samples were collected in several
(15, 50 and 150 ml) clean high density polyethylene bottles
(HDPE), rinsed several times with groundwater to be
sampled. One of the bottles (15 ml) containing sample was
acidified to pH\ 2.0 with nitric acid (HNO3), ACS reagent
and a purity of 70 %, to stabilize trace metals. The filling
of the bottles was performed using sterile syringes and
filtered by 0.45 lm filter pore size then acidified. Another
bottle (150 ml) containing not acidified sample was used
for cations and anions analysis. The samples were taken
tritium and boron in 15 ml vials. The samples were stored
in ice boxes and brought to laboratory and stored at 4 C
for further analysis. The analytical characterization was
done in different laboratories. The major elements were
obtained through conductivity detection in a DX 120 Ion
Chromatograph (relative errors of analysis are ±1 % for
major anions and cations) at the Scientific Instrumentation
Centre, University of Jae´n. The analysis of metals and trace
elements were done by ICP-mass spectrometer Agilent
Model 7500, being the errors\ 5 % RSD. The boron
content was measured at the Scada S.A. Laboratory (Gra-
nada-Spain) with an UV-170 spectrophotometer using the
azomethine colorimetric method, being the relative errors
between ±0,28 a 0,42 %. The isotope characterization of
Table 1 History of seismic activity in the Palomares–Carboneras Fault Zone since 1518
Date Intensity Magnitude Epicenter Date Intensity Magnitude Epicenter
09.11.1518 VIII–IX Vera (Almerı´a) 27.11.1940 3.4 Vera (Almerı´a)
01.01.1596 VI A´guilas (Murcia) 14.05.1942 IV Cuevas Almanzora (Almerı´a)
17.12.1796 V Vera (Almerı´a) 01.07.1943 IV 3.2 Vera (Almerı´a)
22.09.1860 V Vera (Almerı´a) 23.03.1945 IV 3.4 Cuevas Almanzora (Almerı´a)
14.07.1863 V Vera (Almerı´a) 26.02.1966 3.2 Sierra Filabres (Almerı´a)
06.08.1863 V Cuevas Almanzora (Almerı´a) 01.09.1966 3.6 Pulpı´ (Almerı´a)
22.08.1863 V Vera (Almerı´a) 18.03.1972 3.4 Cuevas Almanzora (Almerı´a)
14.09.1882 IV–V Vera (Almerı´a) 21.05.1973 3.1 Moja´car (Almerı´a)
11.08.1891 V–VI Vera (Almerı´a) 14.11.1980 3.1 Garrucha (Almerı´a)
21.05.1893 IV–V Cuevas Almanzora (Almerı´a) 28.02.1981 3.3 Antas (Almerı´a)
13.05.1895 VI–VII Carboneras (Almerı´a) 20.05.1988 3.2 Antas (Almerı´a)
28.05.1914 V Pulpı´ (Almerı´a) 26.12.1989 3.1 Cuevas Almanzora (Almerı´a)
27.04.1915 IV Cuevas Almanzora (Almerı´a) 08.09.1992 3.1 Carboneras (Almerı´a)
14.06.1915 IV Cuevas Almanzora (Almerı´a) 15.04.1994 3.5 Antas (Almerı´a)
07.04.1925 IV Los Gallardos (Almerı´a) 19.04.1994 IV 3.6 Cuevas Almanzora (Almerı´a)
14.03.1927 V Cuevas Almanzora (Almerı´a) 12.06.1994 3.1 Carboneras (Almerı´a)
04.01.1929 IV Los Gallardos (Almerı´a) 08.12.1994 3.1 A´guilas (Murcia)
29.11.1929 V Los Gallardos (Almerı´a) 13.02.1995 3.1 Carboneras (Almerı´a)
06.03.1930 V 3.2 Vera (Almerı´a) 06.07.1996 3.3 Moja´car (Almerı´a)
10.03.1930 IV 3.4 Los Gallardos (Almerı´a) 02.09.1996 V 4.4 A´guilas (Murcia)
12.07.1930 IV Los Gallardos (Almerı´a) 09.01.1998 3.3 Carboneras (Almerı´a)
21.07.1931 V Los Gallardos (Almerı´a) 16.04.1999 3.1 Vera (Almerı´a)
02.10.1932 IV 3.4 Los Gallardos (Almerı´a) 28.09.2000 3.1 Cuevas Almanzora (Almerı´a)
12.12.1934 IV Be´dar (Almerı´a) 03.09.2007 3.1 Cuevas Almanzora (Almerı´a)
16.05.1940 3.4 Pulpı´ (Almerı´a) 24.10.2011 IV 3.7 Cuevas Almanzora (Almerı´a)
6344 Environ Earth Sci (2015) 73:6341–6354
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d18O and dD was carried out by the Stable Isotope Analysis
Service at the University of Salamanca using the following
methods: a) obtaining CO2 to determine the
18O/16O iso-
tope ratio done through the equilibrium method with CO2,
b) characterization of the D/H isotope ratio through the
chromium reduction method, and c) the isotope ratio was
calculated using mass spectrometry in continuous flow
mode for the gas source. Relative errors of analysis
are ±0.3 % for 18O, ±0.5 % for 2H. Tritium (3H) analyses
were determined using a scintillation counter Beckman
LS6500 (liquid scintillation Gold LLT, PerkinHelmer) in
‘‘low level’’ during 100 min every sample, at the Scientific
Instrumentation Centre, University of Granada (Spain).
The uncertainties in the range of low 3H samples are
within ±5 %.
We used the AquaChem software package (Schlum-
berger Water Services) and Phreeqc for Windows (USGS)
to process and study the hydrochemical data.
Results and discussion
Groundwater chemistry
Table 2 shows all analytical results from the 33 ground-
water samples. It also shows the stable isotopic contents
from the 14 samples and tritium contents from 18 selected.
The electrical conductivity of groundwater shows a wide
range. Low values can be found at the sampling points in
the carbonate material chains such as Sierra Cabrera (16,
20, 21, 22, 23 and 24), Sierra Filabres (17 and 18), Sierra
Almenara (31 and 32) and also from the springs sur-
rounding or in the Cuevas de Almanzora (11), Moja´car (7),
Turre (15) and Garrucha (33), in no case exceeding 850 lS/
cm. These low conductivity waters therefore present a low
mineralization. On the contrary, the sampling sites from the
Neogene-Quaternary Complex of the Vera Depression (4,
5, 6, 9, 10 and 29) and Pulpı´ Corridor (2, 12, 13 and 14), as
well as groundwater from around the Sierra Almagrera (1,
19, 25, 26, 27 and 30), have high conductivity even
reaching 14,000 lS/cm and a notable mineralization of
their waters. Additionally, an increase in conductivity at
wells, where a drop in piezometric level due to intensive
extraction of groundwater, has been observed. Finally,
there are two points with medium conductivity (2,000 and
3,500 lS/cm), the thermal Guiraos well (3) and the Sop-
almo spring (8) and high mineralization (Table 2).
Most of the groundwater samples have an alkaline trend,
which are related to carbonate elevations. Anyway, this is a
semiarid region and there is not as much organic matter and
rainfall to get carbonic acid into the water.
A significant and essential part of this study is the
emergence temperatures of the sampling points. Waters
with high ion enrichment are generally at temperatures
higher than 20 C and in some cases, such as thermal
Guiraos well (3), reach 33.5 C. Using 20 C as the hyd-
rothermalism limit (Italiano et al. 2010), we have possible
evidence that the origin of some of these waters could be
hydrothermal and probably deep (Cero´n and Pulido-Bosch
1996; Cero´n et al. 2000). However, seasonal measurements
(November 2012, Table 2) have indicated that a series of
samples (4, 6, 9, 10, 12, 13, 14, 18 and 19) experienced
temperature changes. This might be due to an effect of the
ambiance temperature on the water pipes that could have
affected these waters outputs and increased or reduce
slightly the sample temperature during field sampling
campaign. In waters with low mineralization, temperature
is considerably lower, suggesting the possibility of a quick
recharge and shallow circulation through carbonate mate-
rials that are far from deep fault zones and in which the
water shows relatively a short residence time in the aquifer.
With regard to the presence of boron traces, ground-
water sites with higher temperatures are related to the
presence of high traces for this element. Abnormally high
traces of boron were measured in the thermal Guiraos well
(3) with 0.63 ppm, in waters of Sopalmo (8 and 28) with
0.36 and 0.46 ppm, respectively, and in samples from
Guazamara (25 y 26), with amounts of 0.42 and 0.45 ppm.
These data could suggest that these points may have deep
circulation and a probable relation to the Palomares–Car-
boneras fault activity, interacting with evaporite materials
and, also, influence of agricultural activity (e.g. Gemici and
Tarcan 2002; Yuce 2007; Keskin 2010b; Forresta et al.
2013).
Hydrochemical diagrams
The chemical composition of the waters indicates different
types and degrees of water–rock interaction. The results of
the analysis shown in the Piper diagram (Fig. 2) and its
spatial representation, through the Stiff diagrams shown on
the study area map (Fig. 3a–c) reveal three main water
groups which are detailed below.
In the Piper plot (Fig. 2) a distinction between samples
with different electrical conductivity, ionic content in
springs and wells have been done. Analysing the Piper
diagram for the 33 samples (Fig. 2), Ca–Mg–HCO3 water
type group shows low mineralization and low electrical
conductivity (300–1,000 lS/cm) and is plotted on the left
side of the diagram. These waters are the furthest from the
fault zones and their chemical composition is largely
controlled as a function of their host rocks in Sierras
Cabrera, Filabres and Almenara. Figure 3a shows the
spatial representation and different ion contents in Stiff
diagrams. These samples (7, 11, 15, 16, 17, 18, 20, 21, 22,
23, 24, 31, 32, and 33) have low ionic content (less than
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8 meq/l). Their composition is closely related to the dis-
solution of carbonates from these ranges. Discrimination
between springs and wells in the Piper diagram corrobo-
rates that no well samples are plotted in HCO3
-–Ca2?–
Mg2? facies area.
In contrast, very high ionic content and high electrical
conductivity (4,000–14,000 lS/cm) waters, with predomi-
nantly Ca–Mg–SO4–Cl and, sometimes, Na–Cl–SO4 water
types can be seen also in the Piper diagram (Fig. 2). Fig-
ure 3b shows ion enrichment (70 meq/l) and spatial
localization of these samples (1, 2, 4, 5, 6, 9, 10, 12, 13, 14,
19, 25, 26, 27 and 29) corresponding to the central part of
the study area, around the Palomares Fault Zone. This set
of mineralized waters is related to the Pliocene marine
marls in the Vera Depression and the Pulpı´ Corridor
(Barraga´n 2008).
Finally, in the Piper (Fig. 2) and Stiff diagrams
(Fig. 3c), a minor sub-group of groundwaters with a
moderate ionic content and medium electrical conductivity
(2,000–3,500 lS/cm) were observed. They consist of
waters from the thermal Guiraos well (3), with Ca–Mg–
SO4 water type, and the Sopalmo spring (8), with Na–Cl–
SO4 water type. These waters might be related to evaporite
and carbonate dissolution along deep faults (see e.g. Cero´n
et al. 2000). The fact of the thermal water occurrences
along this fault area appears to be favoured by the great
depth of the fractures affecting the substratum and by the
alteration of the hydraulic head of the aquifer due to
overexploitation (Cero´n et al. 1998). This allows the rise of
groundwater enriched in CO2 gas.
Fig. 2 Chemical analysis of water in the study area plotted on Piper
diagrams
Fig. 3 a Stiff diagrams for samples with low electrical conductivity,
b stiff diagrams for samples with high electrical conductivity, c stiff
diagrams for samples with medium electrical conductivity
6348 Environ Earth Sci (2015) 73:6341–6354
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Geochemical modelling: saturation indices
A geochemical modelling based on getting the saturation
indices was carried out. Phreeqc is a program for simu-
lating chemical reactions and transport processes in natural
or polluted water. The program works on equilibrium
chemistry of aqueous solutions interacting with minerals,
gases, solid solutions, exchangers, and sorption surfaces. It
is based on an ion-association aqueous model and has
capabilities for speciation and saturation-index calculations
(Parkhurst and Appelo 1999). Saturation indices express
the extent of chemical equilibrium between water and
mineral phases in the matrix of the aquifers and could be
regarded as a measure of dissolution and/or precipitation
processes relating to the water–rock interaction (Drever
1997).
Then, SI[ 0 specifies that the groundwater is oversat-
urated with respect to carbonate minerals and therefore
incapable of dissolving more calcite or dolomite. Such an
index value reflects groundwater discharging from an
aquifer containing sufficient amount of these minerals with
enough resident time to reach equilibrium. Oversaturation
can be possibly produced by factors that include incon-
gruent dissolution, common ion effect and evaporation
(Rosso et al. 2011; Kumari et al. 2012). The samples were
found to be oversaturated with respect to dolomite and
calcite thus suggesting that these minerals have precipi-
tated earlier and are not contributing Ca2? and Mg2? in the
groundwater.
SI\ 0 for halite and gypsum indicates that the
groundwater is underaturated with respect to these partic-
ular minerals and such a value reflects the character of
water from the sedimentary marine formations with
insufficient amount of evaporate minerals for solution or a
short residence time (Singh et al. 2014).
Figure 4 presents the results of the saturation indices
(SI) calculated for the most representative minerals in the
system studied: calcite, dolomite, gypsum and halite. This
graphic representation shows that all the samples are highly
undersaturated in halite, therefore, this mineral phase does
not precipitate. With regard to gypsum, we can see that
almost all the samples are undersaturated in this mineral,
except three points close to the equilibrium such as the
Nun˜o spring (29), the Algarrobo spring (5) and the Grima
well (30). We see that waters with low mineralization have
the most significant undersaturation. This clear undersatu-
ration with regard to evaporite minerals indicates an evi-
dent dissolution of evaporites in the waters from these fault
zones, especially for waters with low electrical conduc-
tivity (Singh et al. 2014).
In contrast, for carbonate minerals, we can see that half
of the samples analysed are saturated in calcite and over-
saturated in dolomite, with the most saturated and over-
saturated corresponding to waters with high electrical
conductivity, and the other half are less saturated and
closer to the equilibrium, except for the sampling points in
the stream close to Arroyo spring (2), and the water from
the thermal Guiraos well (3) and the Algarrobo spring (5),
which are slightly saturated.
Isotopic results
In order to identify the origins, recharge conditions and
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Fig. 4 Saturation index of the Palomares–Carboneras fault zone groundwater samples
Environ Earth Sci (2015) 73:6341–6354 6349
123
analyses of stable isotopes (18O, 2H) and radioactive iso-
tope of hydrogen (tritium, 3H) were performed
In the stable isotopic characterization, all the data used is
expressed in thousands, and we used the VSMOW reference
standard. Moreover, we used isotope analysis of precipita-
tion in Murcia and Almerı´a (2000–2006) from the Spanish
isotope monitoring network. The data for the 14 samples
selected for this analysis is shown in an d18O versus d2H
diagram (Fig. 5) together with the Global Meteoric Water
Line (GMWL) defined by Craig in 1961, and which cor-
responds to the following equation: dD = 8d18O ? 10; and
the Eastern Mediterranean Water Line (EMWL) by Gat and
Carmi (1970): dD = 8d18O ? 22.
The isotopic contents of 18O and 2H are between -4.58
and -7.25 %, and between -29.28 to -42.60 %,
respectively. The waters are generally located on and
around meteoric lines, which demonstrates that they have a
meteoric origin. The samples corresponding to the Sierra
Almenara springs (31 and 32), Sierra Cabrera springs (20,
21, 22, 23 and 24), Sopalmo spring (8), A´lamo spring (11),
and the Guiraos well (3) can be seen on the left of the
diagram, given that they are the most isotopically depleted.
These waters are located along the EMWL, mostly sug-
gesting a Mediterranean rainwater origin for the recharge
in this Palomares–Carboneras active fault zone.
Meanwhile, the Grima well (30), the waters from Cuatro
Can˜os spring of Vera (4), La Zanjilla spring of Guazamara
(26) and the Nun˜o spring of Vera (29) are more isotopically
enriched. The climate is semi-arid with a high evaporation
loss and these samples are located in the warmer Vera and
Pulpı´ basins, the remaining soil moisture creates ground-
water recharge enriched in heavy stable isotopes of 18O and
2H, being light isotopes evaporated (Odeh et al. 2013),
apart from a possible mixture process with a salt water, as
explained below.
The negative values of 18O predominate, which leads us
to think that it may be caused by an exchange in the water
with CO2 from a deep origin produced due to the cortical
thinning of these active fault zones, which may belong to
the continuation of the Western European Carbogaseous
Belt (Maisonneuve and Risler 1979). Dansgaard (1964)
first proposed the use of the value d, to characterize the
deuterium excess in global precipitation. The value d is
defined for a slope of 8 and is calculated for to the fol-
lowing equation: d = d2H - 8d18O (Clark and Fritz 2000).
The deuterium excess (d) it is a function of the mean rel-
ative humidity in the atmosphere above the oceanic water,
so it can be considered as a palaeoclimatic indicator. In this
fault zone has a global average value of 13.34 %, which is
higher in summit areas, and lower for points with an alti-
tude closer to sea level. This confirms that the most neg-
ative values of 18O are also conditioned by altitude and that
output waters mix Mediterranean and Atlantic rain fronts.
It should be noted that the excess of deuterium is related to
evaporation phenomena. Furthermore, the discharge tem-
perature may alter its isotopic composition and lead to
isotopic deviations being linked to fractional evaporation
(Gat and Carmi 1970; Plata 1994).
As salinity regarding isotope content, there is a clear
difference between samples collected in areas of mountains
and close to the coast (30, 4, 26 and 29), focusing in the
latter the higher content of chlorides. In this case, the
isotopic enrichment of groundwater could be mostly due to
a contribution of salt water with local groundwater
Fig. 5 Oxygen and deuterium isotope relationship diagram of the
selected of the Palomares–Carboneras fault zone groundwater sam-
ples (d18O vs. d2H). In the same figure the Global Meteoric Water
Line (GMWL; Craig 1961) and the Eastern Mediterranean Water
Line (EMWL; Gat and Carmi 1970)
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affecting to the isotopic composition. Therefore, there is a
possibility that samples from Cuatro Can˜os (4), the spring
of Zanjilla in Guazamara (26) and Nun˜o spring of Vera
(29) are positioned according mixing line between the
isotopic composition of the groundwater and seawater
(Alhama-Manteca et al. 2012).
As a conclusion, there is no a clear isotopic signature for
these waters and a mixed origin could be considered for
these samples. Points are plotted on the for d2H versus 18O
diagram along lines covering from meteoric water lines
towards the areas representing isotopic composition of
internal (fossils or metamorphic) waters. We only could
conclude that Los Guiraos and Sopalmo samples are near
each other in the diagram indicating the area where thermal
waters are plotted for this region.
The concentration of the radioactive isotope of hydro-
gen, 3H, (half-life of 12.32 years), is expressed in units of
tritium (TU): 1 TU corresponds a ratio T/H of 10-18. This
isotope provides essential information to characterize the
residence time of water in the aquifer, and therefore, the
time elapsed since its infiltration since 1952. Aerial ther-
monuclear tests from 1952 produced large inputs of tritium
into the atmosphere. Tritium contents increased from 5–25
up to more than 1,000 TU in the northern hemisphere.
Today, tritium values have returned to a natural level in
winter, and being twofold in summer (Carulla 1978; Clark
and Fritz 2000; Mook et al. 2002; Barraga´n 2008).
Carulla (1979) measured tritium for rainwater in the
Vera Basin, obtaining a range from 19 ± 2 TU in October
1973 to 96 ±10 TU in May 1972. Furthermore, tritium
contents in groundwater were determined, ranging from 10
TU up to of 40 TU, indicating different origin for the
recharge in the Vera area.
Barraga´n (2008) made several measures of tritium in
Pulpı´ obtaining concentrations below 0.10 ± 0.04 TU.
These results indicate the absence of groundwater inputs of
recent origin.
In this area, 18 measures of tritium concentrations were
carried out (Table 2). The results of these analyses are
between 0 to 3.38 TU. Negative values for tritium indicate
that the value is below detection limit and is assumed to be
zero in practical terms (Keskin 2010a). Samples 3, 8, 11,
12, 13, 14, 15, 19, 25, 26, 27, 28, 29 and 32 show tritium
contents below 0,8 TU, indicating that these waters are
sub-modern, i.e. recharged prior to 1952, with no input
from post-bomb test precipitation in the aquifers. In the
other hand, waters from the springs 4, 7, 30 and 31 show
tritium contents above 0.8 TU, which may be indicate a
mixing origin between sub-modern and recent recharge
(\5–10 years). Therefore, the evaluation of tritium results
suggests that waters with less than 0.8 TU have a recharge
cycle of more than 50 years, and therefore has a very long
and deep underground residence time.
Seismic monitoring control network
Taking into account all the described results, a network of
sites can be defined in the Palomares–Carboneras active
fault zone based of the hydrogeochemical and partially
isotopic features of these aquifers. This network could
indicate warnings of possible seismic events by changes of
the groundwaters in this fault area. We consider that sites
with high temperatures, abnormal contents of boron and
isotopic signals characterizing deep and old waters could
indicate deep water circulation and connection with the
seismic activity of the Palomares–Carboneras active fault
zones. Specifically, sampling points with high temperatures
and presence of boron, such as thermal Guiraos well (3),
waters of Guazamara (25 and 26) and waters of Sopalmo
(8, 28), that may be indicate deep circulation and a con-
nection with activity in the Palomares–Carboneras fault
zones.
Conclusions
Samples coming from different aquifers, depths and origins
are considered for this study. In some cases, the only link
between them is the sampling sites are near to the fault
areas. Thus, it is difficult taking into account mixture of
waters and influence among different samples. The objec-
tive of this study is trying to establish a relationship
between earthquakes and groundwater. This is the first
attempt to carry out this research in the study area and no
previous studies have been done. Then, a hydrogeochem-
ical characterization has been done and we tried to sepa-
rated and located samples with a particular signature and
changes related with earthquakes. Most of the available
samples sites do not indicate a clear way to achieve our
main objective.
The study of groundwater from the Palomares–Car-
boneras active fault zones allows us to clearly distinguish
three main hydrogeochemical families.
First, waters with high electrical conductivity (up to
14,000 lS/cm) with Ca–Mg–SO4–Cl and Na–Cl–SO4water
types. These groundwaters show high ion enrichment (up to
70 meq/l), and are related to the Pliocene marine marls in
the Vera Depression and the Pulpı´ Corridor. They evidence
saturation and oversaturation in carbonate materials (calcite
and dolomite) and, therefore, favour precipitation in these
waters, while producing dissolution of evaporites. May–
July’12 temperatures were generally above the hydrother-
malism (20 C). Nevertheless, in the campaign of Novem-
ber’12 only samples 1, 4, 25, 26 and 28 kept their
temperature. This might be due to an effect of the ambiance
temperature on the water pipes that could have affected
these waters outputs and modify slightly the sample
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temperature during sampling campaign. Furthermore, those
with higher temperatures have significant traces of boron in
their composition with values from 0.42 to 0.46 mg/l. These
correspond to waters of Guazamara (25 and 26), with
temperatures between 27 and 27.6 C, and the Sopalmo
well (28) at 26 C. This data could suggest the possibility of
deep circulation and a close relation to the activity in the
Palomares–Carboneras fault zones for these three sampling
points.
Secondly, medium EC waters are observed (2,000–
3,500 lS/cm), with Ca–Mg–SO4 and Na–Cl–SO4 facies.
There are only two sampling points in this group, the Gui-
raos well (3) and the Sopalmo spring (8). These two sam-
pling points have moderate ion enrichment (18 meq/l) and
their environment allows them to link to evaporite and
carbonate dissolution along deep faults. The Guiraos waters
are undersaturated both in evaporite minerals and carbon-
ates and, therefore, do not precipitate these mineral phases.
On the contrary, the waters from Sopalmo do not precipitate
evaporate minerals but do precipitate carbonates. They have
notably high temperatures, 25.3 C at Sopalmo and even
exceeding 35.5 C at Guiraos. Furthermore, we also found
abnormal traces of boron in their composition, at around
0.63 mg/l in the Guiraos waters, and slightly lower in the
Sopalmo waters, showing clear evidence of its deep origin
and relation to the activity in the faults.
Lastly, we have waters with notably low E.C (lower than
1,000 lS/cm), with Ca–Mg–HCO3 facies. They come from
carbonate aquifers, and are related to dissolution of car-
bonate materials from the Cabrera, Filabres and Almenara
elevations. They show much lower temperatures than the
two other groups and absence of boron traces in their
composition, evidencing a more superficial origin and one
that is unconnected to the processes of the Palomares–
Carboneras fault zone area.
The stable isotopic contents for 18O are between -4.58
and -7.25 %, and between -29.28 to -42.60 % for 2H.
The waters are generally located on and around meteoric
lines, which demonstrates that they have a meteoric origin.
The waters from the Sierra Almenara springs (31 and 32),
the Sierra Cabrera springs (20, 21, 22, 23 and 24), Sopalmo
spring (8), A´lamo spring of Cuevas de Almanzora (11), and
the thermal Guiraos well (3) are the lightest waters, while
those the Grima well (30), the waters from Cuatro Can˜os
spring of Vera (4), the Zanjilla spring of Guazamara (26)
and the Nun˜o spring of Vera (29) appear isotopically more
enriched. There is a prevalence of more negative values of
18O, which leads us to think that it may be caused by an
exchange with CO2 from a deep origin, liberated due to
cortical thinning. The deuterium excess (d) has a global
average value of 13.34 %, which is higher in summit areas,
and lower for points with an altitude closer to sea level.
This confirms that the most negative values of 18O are also
conditioned by altitude and that output waters mix Medi-
terranean and Atlantic rain fronts. Waters from Cuatro
Can˜os spring (4), Zanjilla spring (26) and Nun˜o spring (29)
may be influenced by seawater mixing with groundwater.
As a concluding remark, two main processes influence
isotopic composition of water samples with high temper-
ature water and boron. Waters with high EC show high
18O/16O ratio may revealing water/rock interactions
occurring at a relatively moderate-temperature. On the
other hand, the decrease in the 18O/16O ratio of several
samples (3 and 8) can be due to the CO2 loss of the up-
flowing waters towards the surface.
The results of analysis of tritium are between 0 to 3.38
TU, indicating that water samples 3, 11, 12, 13 and 14 have
a recharge cycle of more than 50 years, and therefore, a
very long and deep underground resident time. On the other
hand, waters from the springs 4, 7, 30 and 31 show tritium
contents above 2 TU, which may indicate a mixture
between sub-modern and recent recharge.
As a conclusion, there is no a clear isotopic signature for
the waters and a mixed origin could be considered for these
samples. Points are plotted on the for d2H versus 18O
diagram along lines covering from meteoric water lines
towards the areas representing isotopic composition of
internal (fossils or metamorphic) waters. We only could
conclude that Los Guiraos and Sopalmo samples are near
each other in the diagram indicating the area where thermal
waters are plotted.
There is not a contrasted relationship between thermal
and shallow waters and, consequently, no evidence of a
mixture among them can be determined and how shallow
water could affect to earthquakes, because earthquakes are
related to deep faults that affect to groundwater with a deep
origin.
Finally, in terms of seismic evaluation and prevention
methods, this study shows that the hydrochemical and
isotopic characterization performed on the Palomares–
Carboneras fault zone area waters is an essential tool for a
future definition of control networks made up of sites
whose hydrogeochemical properties are sensitive to the
movements of active faults. Specifically, sampling points
with high temperatures, abnormal presence of boron and
tritium\0.8 TU such as thermal Guiraos well (3), waters
of Guazamara (25 and 26) and waters of Sopalmo (8, 28),
that indicate deep circulation and a connection with
activity in the Palomares–Carboneras fault zones could
form part of a permanent monitoring network for hydrog-
eochemical properties (physical–chemical parameters,
discharge and piezometry, Boron, isotopes, 222Radon),
which in the future may allow us to provide warnings of
possible seismic events. A periodic study will be carried
out at most relevant sampling points, with the idea of
creating a seismic alert network in the area.
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by Deformation in the Carboneras Fault Area 
(SE, Spain) 
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(1) Department of Geology and CEACTierra, Associated Unit IACT (CSIC-UGR). Faculty of Experimental Science, University of Jaén, Campus Las 
Lagunillas s/n.  23071, Jaén ( Spain)  
INTRODUCTION
 
The Neogene and Quaternary faulting 
activity in the southeastern Iberian 
Margin (Trans-Alboran Shear Zone) is 
dominated by a large NE-SW sinistral 
strike-slip system including the 
Carboneras fault (Faulkner et al. 2003).  
 
This fault zone juxtaposes lithologies 
subjected to intense cataclasis that can 
affect to the regional fluid flow and to 
the mechanical behaviour of the faults. 
Shear lenses of post-orogenic sediments 
of Miocene and Pliocene age including 
marls and sandstones sequences and 
volcanic rocks are juxtaposed to the 
predominant slaty gouges of the Alpine 
basement (mica schist, phyllite and 
quartzite derived from Permo-Triassic 
sediments). 
 
This paper aims to present petrological 
and hydrochemical evidence of the 
effect of deformation in quartz-rich rocks 
from the Carboneras fault zone on the 
fluid circulation through these rocks. 
 
PETROGRAPHY AND EBDS DATA
 
Quart-rich damaged rocks have been 
collected from the Rambla de la 
Granatilla valley in the Carboneras fault 
area. This area exposes sections for a 
thickness of nearly 200 m of fault 
gouges and protoliths showing a 
complex arrangement of shear lenses of 
the different fault rock types. 
 
The optical microscopy study of the 
quartz-rich rocks reveals a 
heterogeneous distribution of 
deformation in the fault zone rocks. 
There are numerous, individually 
recognisable high-strain zones, with well-
developed gouge material. Between 
them lie less strained lenses consisting 
of variably damaged protolith. The 
deformation between the lenses is 
highly localized, developing highly 
foliated phyllosilicate-rich bands due to 
the presence of fine-sized aligned clays 
(chlorite and mica). Fault deformation 
also produces grain-size reduction of 
quartz grains by brittle fracturing 
(intragranular and intergranular 
cracking) and grain-boundary sliding.  
 
Large quartz grains appear as isolated 
clasts that can exhibit intragranular 
fracturing, as well as fragment rotation, 
and in some cases faint signs of crystal 
plasticity such as undulose extinction. 
BSE images show that intragranular 
fractures area commonly filled by large 
dolomite crystals (Fig. 1). Small quartz 
grains are included inside these 
dolomite cross-cutting veins. Electron 
probe microanalyser (EPMA) data 
revealed that large host quartz grains 
are richer in Al, Fe and Ti than quartz 
grains included into the dolomite veins.  
 
Electron backscattered diffraction 
(EBSD) data, obtained with either a 
CamScan X500 Crystal Probe SEM fitted 
with a field emission gun and a 
FASTRACK stage or a Philips XL30 SEM 
fitted with a tungsten filament, show 
that large dolomite crystals do not show 
any evidence of internal misorientation 
(Fig. 2).  
 
Texture component maps and pole 
figures of the quartz grains reveal strong 
internal misorientation in the large host 
quartz grains (different colours in the 
host quartz grains in Fig. 2). Their 
crystallographic axis have been rotated 
around the [c]-axis. On the other hand, 
small quartz grains do not show internal 
misorientation, showing a general slight 
orientation among them according to 
the dolomite vein direction.  
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Samples coming from aquifers affected 
by the fault in this area are 
characterized by high to medium 
electrical conductivity (from 1940 
μS/cm up to 6222 μS/cm) with Na–Cl–
SO4 facies. These groundwaters show 
medium to high ion enrichment (from 
18 up to 70 meq/l) and they evidence 
saturation and oversaturation in 
carbonate materials (calcite and 
dolomite). Temperatures were generally 
above the hydrothermalism (around 26 
°C). With regard to the presence of 
boron, abnormally high traces of boron 
were measured in these waters with 




EBDS and microcomposition data allow 
to us distinguish two generations of 
quartz formation. The strong internal 
misorientation of the large quartz grains 
reveal their prekinematic origin. The 
mechanism of deformation was 
predominantly semibrittle produced by 
slip plane. Small quartz grains grew 
inside the microfractures of the large 
quartz grains produced by the cataclasis 
related to the fault activity. The fast 
growth of their c axis looking for the 
available space inside the fractures 
produced slight orientation.  A final 
stage of post-kinematic dolomite 
crystallisation in the highly damaged 
areas of the microcataclasites sealed 
the microfractures. This stage could be 
related to low-temperature and high-
salinity water circulation episodes, 
suggesting that cataclasis may control 
pathways and focus water circulation in 
the fault system. These waters might be 
related to evaporite and carbonate 
dissolution along deep faults (see e.g. 
Cerón et al. 2000) as indicated by the 
abnormal boron concentration. The fact 
of the thermal water occurrences along 
this fault area appears to be favoured by 
the great depth of the fractures affecting 
the substratum. This allows the rise of 
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fig 2. EBSD texture component maps and representation of: A) dolomite crystal orientation and B) small 
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“Por muy alta que sea la montaña, 
siempre hay un camino hacia la cima”
Anónimo
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